Activation of the complement cascade induces inflammatory responses and marks cells for immune clearance. In the central complement-amplification step, a complex consisting of surface-bound C3b and factor B is cleaved by factor D to generate active convertases on targeted surfaces. We present crystal structures of the pro-convertase C3bB at 4 angstrom resolution and its complex with factor D at 3.5 angstrom resolution. Our data show how factor B binding to C3b forms an open "activation" state of C3bB. Factor D specifically binds the open conformation of factor B through a site distant from the catalytic center and is activated by the substrate, which displaces factor D's self-inhibitory loop. This concerted proteolytic mechanism, which is cofactor-dependent and substrate-induced, restricts complement amplification to C3b-tagged target cells.
T he human complement system contributes to a variety of processes, ranging from immunosurveillance to maintenance of cell homeostasis, which depend on a balance of complement activation and regulation (1) . Besides a low level of steady activation through hydrolysis of the central complement component, C3, the cascade can be specifically triggered by various structures on the surfaces of foreign and apoptotic cells (1, 2) . These events initiate distinct pathways that converge into a central amplification loop, which relies on an efficient enzyme complex that allows rapid turnover of C3 (3) . This C3 convertase complex is generated when factor B (FB) interacts with surface-bound complement fragment C3b and forms the pro-convertase C3bB, which is cleaved by factor D (FD) to yield the active yet unstable C3 convertase C3bBb (4, 5) . The C3 convertase cleaves C3 into anaphylatoxin C3a and opsonin C3b (2, (6) (7) (8) . Newly generated C3b molecules become covalently attached to cell surfaces proximate to sites of activation and form additional convertases, thereby rapidly amplifying complement response on targeted cells (9) (10) (11) . In order to prevent excessive activation and attack of host tissue, convertase activity has to be tightly controlled (12) . Although recent studies provided insight into structure, function, stability, and regulation of the assembled C3 convertase (13, 14) , molecular details about the convertase formation and activation step remained elusive.
The published crystal structure of free FB showed a "locked" conformation in which the scissile bond (Arg 234 -Lys 235 ) is protected from being cleaved by FD (15) . Moreover, a recent structure of FB in complex with the C3b homolog cobra-venom factor (CVF) indicated how the propeptide segment of FB, Ba (residues 1 to 234), mediates the Mg 2+ -dependent binding of the protease segment Bb (residues 235 to 739) to the C terminus of CVF through the metal-ion-dependent adhesion site (MIDAS) of the Von Willebrand factor type-A (VWA) domain in Bb (16) . Unexpectedly, the structure of CVFB did not show conformational changes in FB that lead to exposure of its scissile bond. Single-particle reconstruction of negatively stained electron microscopy (EM) data for the C3bB complex, however, indicated the coexistence of two conformations: one corresponding to a closed form as observed in CVFB and one to an open form that putatively exposes the scissile bond in FB (17) . Allosteric roles have been proposed for the regulatory MIDAS and C-terminal helix a7 of the VWA domain of Bb [structural elements that play a key role in signaling through the homologous I domains in integrins (18, 19) ] and the three complement-control protein (CCP) domains and C-terminal helical linker aL of the Ba segment (15, 20, 21) . Whereas it is likely that binding of FB to C3b induces conformational changes that expose the scissile bond (Arg 234 -Lys 235 ) for cleavage by FD, the mechanisms involved in this process have not yet been elucidated.
FD is a single-domain serine protease, which circulates in plasma in a mature but self-inhibited form (22, 23) . Even when the inhibition was prevented by mutagenesis, the activity of FD against peptides remained poor when compared with other serine proteases like trypsin or thrombin (24) (25) (26) . Therefore, it is likely that proteolytic activity and specificity are controlled during the assembly and activation of the central enzyme complex.
We determined crystal structures of the proconvertase C3bB stabilized by Ni 2+ (17, 27 ) at 4.0-Å resolution and of the pro-convertase C3bB in complex with a catalytically inactive FD mutant Ser 183 →Ala 183 [abbreviated as S183A (28)] (S195A, chymotrypsin numbering is given in parentheses) in the presence of Mg 2+ at 3.5-Å resolution, which we refer to as C3bBD* ( Fig. 1A) (29). In addition, we solved the structures of two FD mutants, S183A (S195A) and R202A (R218A) in their unbound form. Refinement statistics and the quality of the final models are described in table S1 and fig. S1. C3b in both C3bB and C3bBD* resembles free C3b ( fig. S2 ) (30, 31) . Two polypeptide chains, termed b (residues 1 to 645) and a′ (residues 727 to 1641) chains, together form a core of eight macroglobulin (MG1 to MG8) domains with a linker domain (LNK) inserted into domain MG6, a "complement C1r/C1s, Uegf, Bmp1" (CUB) and a thioester-containing domain (TED) in between MG7 and MG8, and a C-terminal C345C domain attached to MG8 ( Fig. 1 ). Most of the C3b domains (MG1 to MG8, LNK, and CUB) show only minor rearrangements (with rotations up to 7°) compared to free C3b; however, we observed larger rotations for the peripheral domains TED and C345C (up to 32°and 15°rotations for C3bB and C3bBD*, respectively) ( fig. S2 ). FB consists of five domains grouped into two segments: three N-terminal CCP domains that together with the helical linker aL form the Ba segment and a central VWA domain and a C-terminal trypsinlike serine protease (SP) domain that form the protease segment Bb (Fig. 1 ). The CCP1-3 and VWA domains of FB bind C3b in an identical orientation as in CVFB (16) ( Fig. 1B and fig. S2D ). In contrast, the SP domain of FB in C3bB is rotated by 84°, which effectively shifts the catalytic serine residue by 65 Å and creates additional contacts between FB and C3b (Fig. 1, A and B ). Furthermore, the structure of C3bBD* shows that FD binds this new conformation of FB without making any contacts to C3b (Fig. 1C ), which is confirmed by surface plasmon resonance (SPR) measurements showing that C3b interacts with FB but not with FD ( fig. S3 ).
In the presence of the physiologically relevant ion Mg 2+ , two conformations of C3bB have been observed in EM experiments at a ratio of 35%:65%, which were referred to as closed and open forms, respectively (17) . When using Ni 2+ , however, the equilibrium was shifted to a 2%:98% ratio (17) . We used Ni 2+ to crystallize the open form of C3bB. The crystal structure of C3bB (Ni 2+ ) ( Fig (17, 32) . In contrast, the crystal structure of CVFB, which was confirmed by small-angle x-ray scattering solution studies (16) , correlates with the closed form observed in EM. The closed conformation of CVFB possibly explains why it is processed 100-fold slower than C3bB. However, despite the good agreement between the C3bB crystal structure and the EM reconstruction of the open form, our findings do not agree with the proposed structural model of domain rearrangements that was derived from the EM data (32) . In particular, the x-ray data show a significant rotation of the SP domain rather than the CCP1-3 domains, as suggested by the EM model. The highly similar conformation of FB in the structure of C3bB in complex with FD (that is, C3bBD* crystallized in the presence of Mg 2+ ) confirms that C3bB (Ni 2+ ) adopts a physiological open conformation that is cleavable by FD. In all three structures (i.e., CVFB, C3bB, and C3bBD*), the C terminus of CVF or C3b is chelated to the metal ion in the regulatory MIDAS of the VWA domain in FB. The electron densities at 4 Å and 3.5 Å resolution for C3bB and C3bBD*, respectively, are consistent with highaffinity configurations for the MIDAS in both structures, as was observed for the structure of CVFB determined at 2.2 Å resolution (16) . However, the limited resolution of the data precludes a detailed interpretation of the conformational changes that may be induced when Mg 2+ is substituted by Ni 2+ (fig. S5 ). The open form of C3bB is characterized by new interactions between the SP domain of FB and the MG2 and CUB domains of C3b, which result from the large rotation of the SP domain in FB. Mutations in FB at this new contact site reduced the C3bB cleavage rate ( Fig. 2B and  fig. S6 ), which shows that the interface observed in the crystal structure of C3bB in the open conformation is important for activity.
In both free FB and the closed CVFB complex, the P1 residue of the scissile bond (Arg 234 ) is buried inside the VWA domain and forms salt bridges with Glu 207 of helix aL and Glu 446 of helix a7 (15, 16) ( Fig. 2C ). However, in the open C3bB structure concerted changes at the VWA-SP interface result in exposure of FB's scissile loop (Fig. 2C ). Rotation of the SP domain repositions the VWA-SP linker (residues 447 to 453) and elongates helix aL by two helical turns. This elongation is stabilized by residues Ile 217 and Val 220 , which are docked into hydrophobic pockets of the VWA domain that were formerly occupied by residues Ile 236 and Leu 238 of the scissile loop ( fig.  S7A ). A new interface is formed between four glutamates (residues 215 and 218 of aL and 422 and 424) of VWA and a cluster of four arginines (residues 580, 583, 683, and 685) in the SP domain ( fig. S7B ). In combination, these changes release Arg 234 from its stabilizing interactions and expose the scissile loop (residues 224 to 239), which appears disordered in the structure of C3bB ( fig. S7C ). This mechanism differs markedly from that observed for the I domains of integrins, where a coupling of the MIDAS to helix a7 is implicated in the allosteric activation (18, 33) . In the case of FB, however, the conformational changes involve predominantly the C-terminal end of helix aL, and to a lesser extent helix a7 and the interactions with the succeeding SP domain.
FD binds FB in the open C3bB configuration at the VWA-SP interface through a binding site 25 Å away from the catalytic center (Fig. 3A) . This interaction of FD induces a downward and sideways shift (of~4 Å) of the VWA helix a7 in FB and unwinds the C-terminal part of the helix (residues 442 to 446) ( Fig. 2C) . FD binds the unwound helix a7 and its surroundings, yielding a total interface area of~700 Å 2 dominated by 10 hydrogen bonds and nine salt bridges. In agreement with the structural findings, mutations at this site of FD [i.e., His 133 (His 146 ), Val 203 (Val 219 ), and Arg 157 (Arg 170 )] abolish cleavage of FB (Fig. 3, B and C, and fig. S8 ) and render FD unable to amplify complement response ( Fig. 3, D to F) . Similarly, biotinylation of FD at residue Lys 208 (Lys 223 ) causes loss of activity (26) , likely because biotin blocks the binding of FD to FB. In addition, Glu 446 of FB, which plays an important role in binding the P1-Arg 234 in the closed form, contacts His 133 (His 146 ) of FD in the C3bBD* complex, and mutation of this residue (i.e., FB E446A) strongly reduces convertase formation ( fig. S9 ). This contact site in FD is formed by four loops: residues 132 to 135 (145 to 149), 155 to 159 (169 to 171), 173 to 176 (185 to 188), and 203 to 209 (220 to 224). In coagulation factor VIIa, loop 155 to 159 (169 to 171) is part of the zymogen activation domain (i.e., tissue-factor binding site). Loops 132 to 135 (145 to 149), 173 to 176 (185 to 188), and 203 to 209 (220 to 224) and the self-inhibitory loop of FD overlap with the Na + ion-binding region in thrombin (34, 35) . In FD, this exosite is critical for binding of the open form of FB in C3bB.
In the C3bBD* structure, the self-inhibitory loop of FD is rearranged, resulting in an active configuration of the catalytic triad in FD ( Fig. 4A  and fig. S10, A and B) . In contrast, the structure of the unbound form of the corresponding FD mutant S183A (S195A), determined at 1.2 Å resolution (29), shows a self-inhibited state identical to the wild-type enzyme (22, 36) (fig. S10, A and B) . We observe no induced structural changes at the exosite (fig. S10C ). The C3bBD* structure and all eight available structures of free FD and mutants thereof (which occur in three different crystal forms) show well-defined and virtually identical conformations of the exosite loops. Thus, an induced activation, either structurally or dynamically, of FD through binding of FB at the exosite is not supported by the present data. Instead, the rearrangements in FD are restricted to the self-inhibitory loop [residues 196 to 202 (212 to 218)]. In the self-inhibited state, Arg 202 (Arg 218 ) of FD forms a salt bridge with Asp 177 (Asp 189 ) at the bottom of the S1 pocket, whereas the same residue points outward in C3bBD* (Fig. 4A ). Mutation R202A (R218A) in FD increased the activity against peptides threefold (fig. S11A) because of rearrangements in the selfinhibitory loop that induce the active conformation of the catalytic triad ( fig. S10A) (25) . In contrast, the same R202A (R218A) mutation reduced cleavage of FB to~20% and thus reduced the convertase formation rate ( fig. S11, B to D) , indicating a role for Arg 202 (Arg 218 ) in substrate specificity, as predicted earlier (23, 26, (36) (37) (38) . However, published data showed complete inactivity for FD mutant R202D-V203G (R218D-V219G) toward both peptides and FB (37) . We mimicked this by using a R202G (R218G) mutant of FD, which yielded almost no activity ( fig. S11B) .
Unexpectedly, we observed no electron density for the scissile loop of FB in C3bBD*. The apparent poor binding of this loop to FD is consistent with the observed low activity of FD toward short peptides even when the self-inhibitory loop is displaced (25) . Starting from residues 223 and 240 that are visible in the electron density map, we could model the scissile loop of FB (224 to 239) in an extended fashion, placing residues 233 to 235 into the S2, S1, and S1′ binding pockets of FD. This modeling places the P5-residue Glu 230 in the vicinity of the exposed Arg 202 (Arg 218 ) of FD (Fig. 4B ). Mutating Glu 230 in FB (E230A) reduced the cleavage rate, indicating a putative interaction between Arg 202 (Arg 218 ) in FD and Glu 230 in FB. (fig. S11B ). Overall, we interpreted the specificity and activity of FD for cleaving FB in C3bB as primarily determined by its exositemediated binding to the open form of FB (with nanomolar affinity, fig. S3C ), which allows the comparatively weaker interacting scissile loop of FB to induce activation of FD.
Lastly, cleavage of FB releases the propeptide segment Ba from the complex, inducing additional structural changes in the residual Bb fragment that remains bound to C3b (13) . In this step, the helix aL of the Ba fragment is removed from its groove in the VWA domain, and helix a7 takes its place ( fig. S7A ). This results in a canonical arrangement of the VWA domain with the MIDAS-a7 presumably arranged in a high-affinity ligand binding configuration. Similar to the SP rearrangement in the pro-convertase, rearrangement of the a7 helix affects the VWA-SP linker, resulting in a rotation of~140°for the SP domain ( fig. S12 ). As derived from the crystal structure of the SCIN-inhibited convertase C3bBb (13) , this arrangement allows cleavage of the substrate C3 thereby amplifying the complement response. Our data reveal a highly concerted and specific activation mechanism based on cofactor-dependent and substrate-induced proteolysis, which provides an important "double-safety" catch to restrict complement amplification to C3b-tagged target cells. These detailed mechanistic insights into the central and transient, and therefore low-abundance, C3bBD complex of complement activation offer opportunities for the development of new therapeutics to fight complement-mediated diseases (39) such as age-related macular degeneration, atypical hemolytic uremic syndrome, membranoproliferative glomerulonephritis, and chronic inflammations that are associated with excessive or poorly controlled activation of complement. How can species remain unaltered for long periods yet also undergo rapid diversification? By linking genetic variation to phenotypic variation via environmental stress, the Hsp90 protein-folding reservoir might promote both stasis and change. However, the nature and adaptive value of Hsp90-contingent traits remain uncertain. In ecologically and genetically diverse yeasts, we find such traits to be both common and frequently adaptive. Most are based on preexisting variation, with causative polymorphisms occurring in coding and regulatory sequences alike. A common temperature stress alters phenotypes similarly. Both selective inhibition of Hsp90 and temperature stress increase correlations between genotype and phenotype. This system broadly determines the adaptive value of standing genetic variation and, in so doing, has influenced the evolution of current genomes. M any vital proteins have difficulty reaching their final folds or are inherently unstable when they do. To contend with such problems, organisms employ proteinremodeling factors and chaperones, including a subset known as heat-shock proteins (Hsps) (1) . Unlike more general chaperones, Hsp90 specializes in folding metastable signal transducers (2) and key components of multiprotein complexes. These are hubs in interaction networks (3), and Hsp90 is thereby a "hub of hubs" in regulatory circuits. Also unlike most chaperones, Hsp90 is constitutively expressed at much higher levels than required to fulfill its normal functions. The Hsp90 chaperone system, then, constitutes a large but highly specific protein-folding reservoir (4) . Environmental stresses can destabilize Hsp90 clients and produce additional unfolded substrates, straining the capacity of this buffer. We have suggested that these unusual features of the Hsp90 chaperone system alter relationships between genotypes and phenotypes under conditions of environmental stress (5) (6) (7) (8) and, in so doing, provide at least two routes to the rapid evolution of new traits: (i) Acting as a potentiator, Hsp90's folding reservoir allows individual genetic variants to immediately create new phenotypes; when the reservoir is compromised, the traits previously created by potentiated variants disappear. (ii) Acting as a capacitor, Hsp90's excess chaperone capacity buffers the effects of other variants, storing them in a phenotypically silent form; when the Hsp90 reservoir is compromised, the effects of these variants are released, allowing them to create new traits (5) . To date, however, only two types of potentiated variants have been defined (2, 6) , and the nature of buffered variants remains completely enigmatic. Some buffered traits map to specific chromosomal regions, suggesting a dependence on preexisting genetic variation. But similar phenotypes can be produced by epigenetic variation (9, 10) and transposon activation (11), providing alternative explanations for their ap-
